A challenge to an automated layout of analog IC starts with the insight into a high quality placement crafted by experts. It has been observed that such a placement comprises clusters corresponding to groups of matched devices and devices are placed faithfully to the drawn schema while the placement is still compacted. This paper proposes a novel device-level placement based on Sequence-Pair which includes an effective representation of clusters extracted from the schema. A key idea is to capture a topological structure of clusters in order to place clusters at as faithful positions to those in the schema. We represent this structure in terms of ABLR-relations which can be translated into Sequence-Pair. In experiments, we tested our algorithm for industrial instances and compared the results with those by manual. We showed that our results were better than manual results by, on average, 12.8% and 18.1% with respect to area and net-length.
Introduction
In analog IC layout, the placement phase is becoming critical for circuit performance since it influences all the parasitic layout effects. Also device mismatching puts a fundamental limit on the achievable accuracy of circuits. While the placement must be compacted. A large portion of the effort involved in analog circuit design is spent in the layout phase. So some efforts for efficient design tools have been studied but we have no promising results yet. Therefore the layouts of analog circuits are still manually designed by experts. But they are much time-consuming and error-prone tasks.
Permission to make digital or hard copies of all or part of this work for personal or classroom use is granted without fee provided that copies are not made or distributed for profit or commercial advantage and that copies bear this notice and the full citation on the first page. To copy otherwise, to republish, to post on servers or to redistribute to lists, requires prior specific permission and/or a fee. In layout of a cell, design rules are designated on its height, P/G rail positions, I/O terminal positions and others [9] . The target of this paper is placement in a cell, that is, device-level placement. Several methods of device-level placement have been proposed so far, ILAC [1] , STAT [2] , KOAN/ANAGRAM II [3] , PUPPY A [7] , and LAYLA [9] . However their packing techniques are not so efficient that the resultant layouts are not compacted well.
In recent works in floorplanning, effective techniques of rectangle packing have been proposed : Sequence-Pair [4, 5] , BSG [6] and etc. They have a notable advantage in a point to place rectangles into as small area. [8] proposes a device-level placement under symmetrical constraints based on Sequence-Pair. Symmetrical constraints are useful for circuits of a special class, but in general, we must take other constraints into account to achieve quality comparable to that of a manual design.
We note that one of the previous works, STAT [2] , has a prospective concept. It is based on the insight into a fact that a high quality placement crafted by experts often resembles the drawn schema. Meanwhile, a device-matching issue brings another guide to place devices. Matched devices should be clustered to be placed closely to each other.
In this paper, we propose a novel device-level placement under the cluster-constraints derived from the device-matching or other performance specifications. Its input consists of a set of devices, a set of clusters and the schema. The cluster-constraints capture a topological structure of clusters not only to place devices of a cluster closely each other but also to place clusters at as faithful positions of those in the schema.
A placement of devices is represented by Sequence-Pair to realize efficient compaction. Each device is regarded as a rectangle. Sequence-Pair gives a unique positional relation to every pair of devices; 'above', 'below', 'left-of' or 'right-of', called ABLR-relation.
We represent cluster-constraints by ABLR-relations. We formulate a topological relation between two clusters. Given two clusters A and B, if A can be moved horizontally to the left-direction in a way that no device in A is opposed by any device in B, we say A is left-of B. This relation between clusters can be translated into ABLR-relations between their devices. Assume that there exists at least one device in A which is left-of a device in B. Consider a pair of devices (a, a ) in A such that a is left-of a. If there is no device b in B such that a is left-of b and b is left-of a, then A is left-of B. Note that any 'left-of' relation between devices in A can be derived transitively not through any device in B. Therefore, we call the relation between clusters directional convex.
Furthermore, we provide an algorithm how to generate directional convex relations between clusters from a given schema. The relations faithfully express a geometrical feature of the schema. We make use of them as constraints in optimization based on a simulated annealing.
We implemented our algorithm and experimented for several industrial instances to compare the results with the corresponding manual designs. We adopted the following criteria to evaluate the quality of a placement: (a) cell area, (b) total net length, and (c) number of intersections between edges of minimum spanning trees (MSTs). We showed that our results were better than manual results by, on average, 12.8% and 18.1% with respect to area and net-length. The computation time was 780 times shorter than the manual design time.
The rest of this paper is organized as follows. Section 2 describes ABLR-relations and Sequence-Pair. In Section 3, we formulate directional convex relations. Section 4 describes a generation of the constraints from a given schema. Section 5 is for experiments on industrial instances. Section 6 summarizes the contribution and future works.
ABLR-Relation and Sequence-Pair
The target of this paper is placement of devices in a cell. Each device is represented as a rectangle which has width and height. No pair of devices can be overlapped each other. The power and ground lines are laid out parallel and straight. Each device is laid out between them. The objectives are to minimize (a) cell area, (b) total net length, and (c) number of intersections of MSTs. An MST is defined for each net where the nodes correspond to terminals and the edges to connections. In manual designs by experts, devices are so placed with few intersections of MST edges. It usually results in high routability or few vias. This is why we adopt this objective.
A placement is represented by Sequence-Pair (SP hereinafter) [4, 5] which is described briefly for completeness. Given n rectangles, an SP is an ordered pair of permutations Γ + and Γ − of rectangle names. The k-th rectangle in Γ * ( * is + or −) is denoted as Γ * (k). While the position of rectangle x in Γ * is denoted as Γ −1 * (x). An SP imposes positional relations, the ABLR-relations, between every pair of rectangles in the form that "one is above (below, leftof, right-of) the other".
ABLR-relations from an SP : For a pair of rectangles {a, b}, Figure 1 shows a placement of seven rectangles derived from an SP. Note that the ABLR-relations derived from the SP are all satisfied. Once ABLR-relations are given, it is easy to obtain a placement by using vertical and horizontal constraint graphs.
It is proved that any SP corresponds to a placement. More, any placement with the minimum area has the corresponding SP. Hence, searching the placements for optimization is equivalent to searching SP's. This methodology of heuristic search has been established these ten years after the invention of BSG [6] and SP in 1995. This paper is also following this methodology. It is also proved that any SP has its corresponding placement that can be obtained very quickly (in O(n log log n) time [10]).
Placement under Cluster-Constraints
We observe an implication between a positional structure of devices and circuit performance in a high quality placement by experts.
In practice, the placement comprises clusters which are for devicematching or other performance specifications. Devices in each cluster should be placed closely to each other. More, positional relations between clusters are often similar to those drawn in the schema. First, we give a sketch of our algorithm. Given a set of devices including net-list, the schema, and a set of clusters with rough positions, our algorithm goes as follows; (i) Generate cluster-constraints by translating their positional relations into ABLR-relations. (ii) Search an optimal placement of devices satisfying the constraints.
The key is in the way how to represent the cluster-constraints in terms of ABLR-relations which can be translated into SequencePair. 
Directional Convex Relations
Devices in a cluster must be placed closely to each other. Therefore, it appears that ABLR-relations between clusters are almost same as those between devices. If ABLR-relations between devices were to be inherited to that between devices in a straightforward way, then the wasted area would be also inherited. Because a shape of each cluster is regarded as a rectangle under this assumption as shown in Figure 3(a) . Note that a shape of a cluster is induced by ABLR-relations in the cluster. This is why we should release a shape of each cluster from being a rectangle to get a compacted placement as shown in Figure 3 (b) . In this figure, the shape of each cluster has a 'jagged' outline. To represent a cluster with a 'jagged' shape, we introduce a special set of ABLR-relations called directional convex relation.
First, directional convex is defined for one cluster as follows; Let a cluster be A. For any pair (a, a ) in A such that a is left-of a, if there does not exist any device x in other clusters such that a is leftof x and x is left-of a, A is referred to be horizontal convex. Note that if A is horizontal convex, any 'left-of' or 'right-of' relation between devices in A can be derived transitively not through any device in other clusters. From this property, we use a term 'convex'. Figure 4 shows an example of a horizontal convex cluster. In the figure (a), the shaded cluster is horizontal convex. While in the figure (b), the shaded cluster is not horizontal convex since b is leftof f and f is left-of d such that b and d are in the shaded cluster and f is not. Analogously, vertical convex is defined. We note that if A is horizontal or vertical convex, shape of A becomes convex rectilinear metric. 
Cluster-Constraints
A shape of a cluster is induced by ABLR-relations between two or more clusters. Therefore, we formulate a relation between two clusters according to definition of horizontal and vertical convex.
Let given two clusters be A and B. Assume that both of A and B are horizontal convex. If there does not exist any pair (a, b)|(a ∈ A and b ∈ B) such that a is right-of b, it is referred that A is convexly left-of B, equivalently B is convexly right-of A. Analogously, convexly above and convexly below relations between two clusters are defined.
Furthermore, if A is convexly left-of and convexly below B, we say A is convexly left-below B. Relations, convexly right-below, leftabove and right-above, are analogously defined. We call these relations directional convex relations. 
Fig. 5: (a) A is convexly left-of to B, (b) C is convexly left-below B
We translate directional convex relations into a set of ABLRrelations which are interpreted on an SP.
First, assume that A is convexly left-of B. The corresponding ABLR-relations between a ∈ A and b ∈ B are interpreted into "a is not right-of b". It is expressed on formulation of an SP as follows;
Next, assume that A is convexly left-below B. The corresponding ABLR-relations between a ∈ A and b ∈ B are interpreted into "a is not right-of b and a is not above b". Therefore, it is expressed on SP as follows;
We can express other directional convex relations on SP in the similar way. The summary is shown in Table 1 . 
Constraint Extraction from Schema
Given a device placement where each device is placed at the same coordinates as those on the schema, our algorithm starts with extraction of directional convex relations from the placement. This procedure consists of the following steps; (i) Extract ABLR-relations between devices. (ii) Translate the relations into directional convex relation between clusters.
First, enlarge the placement until all devices do not overlap each other. The coordinates of the device u is denoted by (x u , y u ). Its width and height are w u and h u , respectively. Consider two devices a and b. We extract ABLR-relations from the placement as follows;
Note that an SP gives a unique ABLR-relation to a pair of devices, but in the above definition, we allow a pair to have two topological relations, for example, a is left-of and above b.
Next, we determine directional convex relations between clusters, according to the ABLR-relations between devices. Let two clusters be A and B. If a device in A is left-of a device in B and no device in A is right-of any device in B, then A is convexly left-of B. However, if a device in A is left-of a device in B and a device in A is right-of a device in B, there is no horizontal relation between A and B. Furthermore, if A is convexly left-of B as well as A is convexly below B, then A is convexly left-below B. Thus, directional convex relations between clusters are formulated by combining relations between devices. But, when the combination causes contradiction, (e.g. left-of and right-of) the relations are ignored.
For completeness, we demonstrate the extraction by using an example shown in Figure 6 . In the figure, a schema and clusters are depicted. Figure 7, 8 and 9 show some clusters which are included in the circuit shown in Figure 6 .
In Figure 7 , since both of a 1 and a 2 are left-of both of d 1 and d 2 , A is convexly left-of D. In Figure 8 , a 1 and a 2 are right-of b 1 and b 3 and neither left-of b 2 nor b 4 . a 1 and a 2 are also above all of B. Then, A is convexly right-above B. In Figure 9 , all of C are left-of all of E. c 1 is above all of E as well as c 4 , c 5 and c 6 are below e 1 and e 2 , that is, above and below relations are ignored. Then, C is convexly left-of E. 
Experimental Results
We implemented our algorithm by C language and tested it for eight industrial instances of analog circuits on Celeron 1.0 GHz. We prepared a manual design by an expert for each instance to compare. The number of devices and nets are shown in Table 2 . Our objectives are to minimize (a) cell area, (b) total net length by the half perimeter of a bounding box, and (c) number of intersections between edges of MSTs. Our optimization process was controlled by simulated annealing as previous work doing [4, 5] .
The results by our algorithm and manuals are also shown the table. In comparison with respect to objectives (a), (b) and (c), the results by our placement algorithm are better than those of the manual designs by, on average, (a) 12.8%, (b) 18.1%, and (c) 35.6%, respectively.
The computation time is also shown in the table. The significant relation between the computation time and the number of devices is shown in Figure 10 . The computation time is approximately proportional to square of the number of devices.
The schema of data5 is shown in Figure 11 . The resultant placements by our method and by manual are shown in Figure 12 and 13, respectively. In these figures, A, B, . . . , O denote clusters. The placement shown in Figure 12 satisfies directional convex relations extracted from the schema. For example, a relation between A and B is that A is convexly above B. We can observe there is no device of B which is above any device of A. Furthermore, in the manual placement, A and B are separated by a straight line. Meanwhile in our placement A and B configures a dense structure like interdigitated fingers. We note that experts take into consideration various constraints on circuit performance. However, experts seem to take a conservative way in the degradation of the placement with respect to cell area to guarantee the circuit performance. If we can incorporate analysis of circuit performance into our method, we will show more aggressive layouts.
To demonstrate more the quality of our placement, we applied a commercial shape-based router (REXSIR produced by Jedat Inc.) to our result of data5. The automated result and the manually routed result are shown in Figure 14 and 15, respectively. Both achieved 100% routability, although area of our placement is much smaller than that of the manual placement. It took 13 hours (7 hour placement and 6 hour routing) to design the manual placement and routing of data5. On the other hand, the time by the automation took only 61 seconds (59 second placement and 2 second routing). The layout time was reduced intensively by our automated placement and routing.
Conclusion
In analog cell layout, we proposed a new device-level placement under cluster-constraints, which was based on Sequence-Pair. We employed clusters to limit the positions of devices to be sensitive to performance such as groups of matched devices. A key was in a way how to represent a topological structure of clusters. We introduced directional convex relations between clusters which were special sets of ABLR-relations. They released a shape of each cluster from being a rectangle. Also they prescribed to place clusters at as faithful positions to those in the schema.
In the experiments, we tested our placement for industrial instances. It attained placements better than those by manual design by, on average, 12.8%, 18.1%, and 35.6% with respect to area, total net-length and the number of intersections of MSTs. In our future works, we have to evaluate our layout by simulation with respect to such performance as noise and heat dissipation. 
